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Abstract The chlorinal-1 (ch1-1) mutant of Arabidopsis
thaliana lacks the light-harvesting complexes in photo-
system II (LHCII) due to deficiency of ability to synthesize
chlorophyll (Chl) b. To investigate if a lack of LHCII
affects plant growth and water loss, the Chl content, Chl
fluorescence, glutathione (GSH) content, plant growth,
water loss and stomatal aperture were measured using
wild-type (WT) and ch1-1 mutant plants. The leaves of
ch1-1 mutants accumulated significantly lower Chl content,
Chl fluorescence and GSH content than WT plants. Plant
growth and the leaf area of ch1-1 plants were also lower
when compared to WT plants. The ch1-1 plant showed
delayed flowering and higher a number of rosette leaves
compared to the WT plants. The treatment of N-acetyl-
cysteine increased Chl content and Chl fluorescence in
leaves of both plants. Stomatal aperture was significantly
lower in guard cells of the ch1-1 mutant than that of WT
plants. Dark treatment increased stomatal closure which
was corrected followed by the light treatment. Abscisic
acid (ABA)-induced stomatal aperture was significantly
lower in ch1-1 mutant than WT plants. Water loss through
stomatal opening in ch1-1 plants was significantly lower
than WT plants regardless of ABA treatment. This study
suggests that a lack of LHCII might control plant growth
and water loss in ch1-1 mutant of Arabidopsis thaliana.
Keywords Photosystems  Glutathione  Guard cells 
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Introduction
Photosystem I (PSI) and photosystem II (PSII) capture light
energy to power the carbon-fixation reactions and change
the light energy to chemical energy in plants (Caffarri et al.
2009). Photosystems have antenna complexes which col-
lect and focus the photons into the reaction centre where
energy processing begins (Ruban 2009). In the photosyn-
thetic process, PSII transfers electrons to plastoquinone and
drives oxidation of water molecules into oxygen, protons
and electrons using light energy (Barber 2006; Nelson and
Yocum 2006). The PSII is an initial and rate-limiting step
of electron flow which evolved a unique mechanism of
protein quality control (Edelman and Mattoo 2008; Baena-
Gonza´lez and Aro 2002) which may affect plant growth.
The photosynthetic electron flow regulates the rate of
glutathione (GSH) biosynthesis through the production of
ATP (Ogawa et al. 2004). The ch1-1 mutation lacks the light-
harvesting protein of PSII and receives lower photosynthetic
light by the limited number of Chl a in the PSII core complex
(Oster et al. 2000). Therefore, the ch1-1 mutant accumulated
significantly lower GSH content in guard cells compared to
the wild types (Ogawa et al. 2004; Jahan et al. 2011). Glu-
tathione functions in sulphur metabolism, regulation of plant
growth and development, redox signalling and regulation of
gene expression which depend on the redox state of GSH
pools (May et al. 1998) but sometimes it is not explained by
only antioxidant activity of GSH (Foyer and Noctor 2005).
As a result, control of intracellular GSH might be expected to
have important consequences through modification of met-
abolic functions in plants. GSH levels are known to vary
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during plant growth and in response to a wide array of stimuli
such as atmospheric pollutants, biotic and abiotic stress and
light (Alscher 1989; Sa´nchez-Ferna´ndez et al. 1997; Foyer
and Noctor 2005).
The plant hormone abscisic acid (ABA) regulates a
range of physiological processes as well as tolerance of
plants to drought, cold and salinity stress conditions (Ko-
ornneef et al. 1998; Leung and Giraudat 1998). Previous
studies led to major advances in our understanding of the
mechanisms of ABA signal transduction in guard cells
(Assmann and Wang 2001; Schroeder et al. 2001). ABI2
protein phosphatase 2C, which is a key protein in ABA
signalling, represents the redox regulation of the ABA
signalling pathway (Meinhard et al. 2002). Glutathione
peroxidase 3 (ATGPX3) protein functions in scavenging
H2O2 in Arabidopsis, and stomata of atgpx3 plants are less
sensitive to ABA than that in wild-type plants (Miao et al.
2006). It is suggested that ABA signalling branches in
guard cells is mediated by redox regulation. Drought stress
elicits biosynthesis of ABA which induces stomatal closure
to suppress water loss (Schroeder et al. 2001). To date, the
effects of LHCII on GSH accumulation in relation to the
growth of plants and water loss remains unknown.
Therefore, this study was taken to evaluate whether
LHCII affects plant growth and water loss. In this study,
we showed that a lack of LHCII reduced GSH content
and stomatal aperture in ch1-1 mutants to control plant
growth and water loss to cope with drought stress.
Materials and methods
Plant materials and growth conditions
Arabidopsis thaliana wild type, ecotype Columbia (Col-0),
and ch1-1 mutant plants were grown in a plastic square pot
(6 9 6 9 5 cm) filled with 70 % (v/v) vermiculite (Ver-
micula, Malaysia) and 30 % (v/v) peat soil in a growth
chamber under a 16-h light and 8-h dark cycle condition
(Jahan et al. 2011). Temperature and relative humidity
were maintained at 22 ± 2 C (8000 Lux) and 60 ± 10 %,
respectively. Several plants were grown in a tray with or
without NAC which increase intracellular GSH content in
cells (Shivalingappa et al. 2012). Mature but almost similar
in size of 5- to 6-week-old rosette leaves were selected and
used for experiments. Five replicates were done for each
experiment unless otherwise stated.
Measurement of the leaf parameters
A CI-202 portable laser area meter (CID Bio-science,
USA) was used to measure length, width and area of the
leaf. Leaves per plant were counted numerically. Five
replicates (five plants) were implemented.
Measurement of the Chl content and the Chl
fluorescence in leaves
The Minolta SPAD-502 Chl meter was used to acquire a
rapid estimation of the Chl content in leaf (Chelah et al. 2011;
Jahan et al. 2013). The Chl fluorescence, Fo = minimal
fluorescence and Fm = maximal fluorescence, were mea-
sured according to the guidelines of the JUNIORPAM
fluorometer (Walz, Germany) as previously described
(Havaux et al. 2005). Measurements were taken from 11 am
to 12 pm to avoid any error from water on leaf. Five repli-
cates were implemented. Each replicate consists of a leaf
from a plant with a total of five plants used in this experiment.
Measurement of GSH content in the guard cells
Glutathione content in the guard cells was quantified using a
fluorescence dye, monochlorobimane (MCB), which when
conjugated with GSH produced fluorescence form glutathi-
one-S-bimane (GSB) in guard cells (Jahan et al. 2011). A leaf
was incubated in 100 lM MCB staining solution for 2 h at
room temperature. The leaf was attached onto a microscope
slide glass with adhesive and then the cuticle and upper
mesophyll layer were carefully removed (Jahan et al. 2011).
Fluorescence intensities of GSB in guard cells were detected
and images were captured under a fluorescent microscope
(Leica DM5000B fluorescence microscope, Germany). The
pixels/intensities of the GSB fluorescence were quantified
using Adobe Photoshop CS3 software (Adobe Systems Inc.
San Jose, CA). Five replicates were implemented.
Measurement of stomatal aperture
Stomatal assays were prepared and stomatal apertures were
measured as described previously (Jahan et al. 2012).
Rosette leaves from 5- to 6-week-old plants were incubated
on stomatal batting solution containing 10 mM KCl,
50 lM CaCl2 and 10 mM Mes-Tris (pH 6.15) under light
for 2 h to facilitate stomatal opening. In the case of ABA
treatment in the stomatal batting media, leaves were
incubated for another 2 h under light incubation. Then
stomatal aperture was measured under microscope con-
nected to a digital imaging colour camera and image ana-
lysis software. Three replicates were conducted and twenty
stomatal apertures were measured for each replicate.
Measurements of water loss in leaves
Detached leaves from 6-week-old plants were exposed to
light at 22 ± 2 C. Leaves were weighed at various time
Acta Physiol Plant
123
Author's personal copy
intervals, and the loss of fresh weight (%) was used to indicate
water loss (Zhang et al. 2008). Five replicates were main-
tained in this experiment by collecting five leaves from five
different plants.
Statistical analysis
A student’s t test was used to assess significance of dif-
ferences between mean values. MS Excel software was
used for statistical analysis. Differences at P \ 0.05 were
considered significant.
Accession numbers
Arabidopsis Genome Initiative number for the genes dis-
cussed in this article is as follows: CH1-1, At1g44446.
Results
Control of Chl content, Chl fluorescence and GSH contents
in leaves of ch1-1 mutant by a lack of LHCII
To determine whether LHCII affects Chl content and Chl
fluorescence in leaves, we measured light- and dark-induced
relative Chl content and Chl fluorescence (minimal and
maximum fluorescence) in leaves of both WT and mutant
ch1-1 plants. The Chl contents in the leaves of ch1-1 plants
were significantly lower (P \ 0.002) than that of WT plants
under light incubation (Fig 1a). Dark incubation for 6 h
significantly decreased (P \ 0.005) Chl contents in leaves of
both plants but the Chl contents were restored following
another 6 h of light treatment up to levels observed prior to
the dark treatment. This suggests that reduction in the Chl
contents in leaves of ch1-1 mutant might be due to a lack of
Fig. 1 A lack of LHCII
controls Chl content, Chl
fluorescence and GSH content
in leaves of ch1-1 mutant plants.
a Dark- and light-induced Chl
content in leaves of WT (open
bars) and ch1-1 plants (closed
bars). b Dark- and light-induced
Chl fluorescence, Fo and Fm, in
leaves of WT and ch1-1 plants.
c Dark- and light-induced GSB
fluorescence in guard cells of
WT (open bars) and ch1-1
plants (closed bars)
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LHCII but not due to light or dark treatment. Similar results
were observed in the case of Chl fluorescence measurement in
the leaves of both plants (Fig. 1b). Where, ch1-1 plants
accumulated significantly lower relative maximum Chl
fluorescence (Fm) yield and minimum Chl fluorescence (Fo)
yield than WT plants. This result also suggests that the
reduction in Chl content and Chl fluorescence in the leaves of
ch1-1 plants might be due to a lack of LHCII.
Glutathione content in the guard cells of both plants was
measured to determine the effects of LHCII on GSH reg-
ulation. Figure 1c showed that guard cells of WT accu-
mulated significantly (P \ 0.001) higher GSH content than
that of ch1-1 plants under different dark and light condi-
tions. These results suggest that a lack of LHCII might
control GSH accumulation in guard cells of ch1-1 mutants
but the mechanism remains unknown.
Control of leaf parameters and plant growth of ch1-1
mutant plants by a lack of LHCII
A lack of LHCII likely led to reduction in Chl content and
GSH content in the leaves of Arabidopsis. We next inves-
tigated the effects of the reduction in Chl content and GSH
content on leaf parameters and plant growth. Figure 2a
clearly showed that the growth of the ch1-1 mutant plants
was significantly reduced compared to the WT plants. The
leaves of ch1-1 mutants showed a lighter green colour than
that of leaves of wild types. The ch1-1 mutants produced a
higher number of rosette leaves compared to WT plants
(Fig. 2b). Leaf area of ch1-1 plant was significantly lower
than WT (Fig. 2d). Similar results were observed in the case
of length and width of leaf (Fig. 2d). Inset picture in Fig. 2d
shows the percentage of the reduction in leaf parameters of
ch1-1 mutants compared to WT plants. Figure 2e showed
that WT plants displayed early flowering when compared to
the ch1-1 mutants. Late flowering in the ch1-1 mutant was
likely due to the reduction in GSH levels in leaves (Ogawa
et al. 2004). In addition, our results indicate that the LHCII
might be involved in regulating GSH content in plants to
control flowering time. Figure 2c indicated that the pro-
duction of seeds was significantly higher in wild-type plants
as compared to ch1-1 mutants. The ch1-1 mutant and wild-
type plants produced 68 ± 3.6 and 116 ± 4.4 mg seeds per
plant, respectively. The seed yield was approximately 30 %
less in ch1-1 mutants than the wild type (Fig. 2c). Taken
together, a lack of LHCII might lead to induction in leaf
parameters, plant growth, flowering time and fruit setting as
well as seed production of plants.
Fig. 2 A lack of LHCII
regulates leaf growth and
flowering time in ch1-1 mutant
plants. a The ch1-1 mutant
plants showed deficient growth
compared to the WT. b Rosette
leaves in the ch1-1 plants
(closed bar) and WT plants
(open bar). c Seed production in
ch1-1 plants (closed bar) and
WT plants (open bar). d Leaf
parameters (area, length and
width) in ch1-1 mutant (closed
bars) and WT plants (open
bars). Inset figure showed the
percentage of the reduction in
leaf parameters. e Late
flowering in ch1-1 plants
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Glutathione regulates Chl content and Chl fluorescence
in leaves
To investigate if GSH regulates Chl content and Chl
fluorescence in leaves, we measured Chl content and Chl
fluorescence in leaves after plants were grown in a solution
of 100 lM NAC. Figure 3a showed that the treatment of
NAC significantly (P \ 0.0027) increased Chl content
(SPAD reading) in both plants. These results indicate that
the elevation of GSH content by NAC treatment regulates
Chl content in plants. This result was supported by the
colour of the leaf which displayed a darker green colour-
ation after NAC treatment (Fig. 3b). We also tested Chl
fluorescence, Fo and Fm, in the leaves of both plants. NAC
treatment significantly increased Fo and Fm readings in
leaves of the WT (Fig. 3c) and the ch1-1 plants (Fig. 3d).
But in all cases, Chl content and Chl fluorescence were
significantly lower in ch1-1 plants compared to the wild
type. These results suggested that the control of
intracellular GSH can be expected to have important con-
sequences to plant growth.
A lack of LHCII controls stomatal aperture and water
loss in ch1-1 mutant plants
To investigate whether a lack of LHCII affects stomatal
movement in the guard cells and water loss, we measured
stomatal apertures and water losses in both plants. Figure 4a
showed that guard cells of ch1-1 plants had significantly
lower stomatal opening than WT plants. Dark and light
treatments differentiated stomatal aperture which was sig-
nificantly (P \ 0.03) lower in guard cells of ch1-1 mutants
than that of WT plants regardless of dark and light treat-
ments. To justify whether a lack of LHCII affects ABA
sensitivity to guard cells, stomatal apertures were measured
after leaves were incubated under 2-h light condition fol-
lowed by another 2 h of 10 lM of ABA treatment. Figure 4b
showed that the ch1-1 mutant displayed higher sensitivity to
Fig. 3 NAC treatment
increases Chl content and Chl
fluorescence in leaves of both
WT and ch1-1 plants. a NAC-
induced Chl content in leaves of
the WT (open bars) and the ch1-
1 plants (closed bars). b Leaves
showed darker green colour
after treatment with NAC in WT
(upper level) and ch1-1 plants
(lower level). c The NAC-
induced Fo (open bars) and Fm
(closed bars) in leaves of WT
plants. d The NAC-induced Chl
fluorescence, Fo (open bars) and
Fm (closed bars), in leaves of
ch1-1 mutant plants (color
figure online)
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ABA than WT plants in terms of stomatal aperture. This
result suggests that a lack of LHCII might increase stomatal
closure through increasing sensitivity of hormone (ABA) on
guard cells (Fig. 4b). To see whether ABA affects GSH
content in plants, we measured ABA-induced GSH content
in guard cells of Arabidopsis (Fig. 4c). We found that ABA
significantly decreased (P \ 0.0016) GSH levels in guard
cells which were consistent with previous results (Okuma
et al. 2011). This result indicated the function of plant hor-
mone, ABA, in GSH-modulated redox status in plants. In
addition, water loss through stomatal opening in ch1-1
plants was significantly (P \ 0.03) lower than WT plants
regardless of ABA treatment (Fig. 4d). Taken together,
these results suggest that a lack of LHCII might affect sto-
matal aperture and water loss.
Discussion
Plants acclimatize to light intensities by changing their
antenna size in the photosystems. This acclimation allows
them to undergo efficient photosynthesis and creates a
protective strategy to minimize photodamage (Yamasato
et al. 2005). Photosystem II is shown as the functional unit
transferring electrons from water to the plastoquinone
acceptor that donates electrons via the Cyt b6f complex to
photosystem I (Ort and Yocum 1996). The primary role of
these systems is to transfer light energy to the reaction
centre and regulate photosynthesis through photoprotective
mechanisms and coordination of light-harvesting complex,
Chl a, Chl b and xanthophylls (Schmid 2008; Jansson et al.
1997). The ch1-1 mutant is defective in photosynthetic
light-harvesting antenna that lowered GSH accumulation in
leaves of the plants (Ogawa et al. 2004). This result was
consistent with our results where we showed that the guard
cells of ch1-1 mutants accumulated significantly lower
GSH content than that of guard cells of the WT plants
(Fig. 1c).
The ch1-1 mutant plant showed late flowering, smaller
leaf area, length and width of leaf compared to the wild
types (Fig. 2). These functions were associated with GSH
deficiency (Fig. 1c) brought by the ch1-1 mutation that
affected the leaf growth (Fig. 2d) and the time of flowering
(Fig. 2e). These findings indicate that the plant growth and
Fig. 4 A lack of LHCII
regulates stomatal aperture and
water loss in ch1-1 mutant
plants. a Light- and dark-treated
stomatal aperture in guard cells
of wild-types (open bars) and
ch1-1 plants (closed bars).
b ABA-treated stomatal closure
in guard cells of wild-types
(open bars) and ch1-1 plants
(closed bars). c ABA-treated
GSH level in guard cells of
wild-types (open bars) and ch1-
1 plants (closed bars). d Water
loss in the ch1-1 plants (open
square) and wild types (closed
square). ABA-induced water
loss in ch1-1 (open triangle) and
wild-type plants (closed
triangle)
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flowering of ch1-1 plants were regulated by GSH content
which might, in turn, be regulated by LHCII (Fig. 1c). This
idea is consistent with the results that the Chl content and
Chl fluorescence in leaves of ch1-1 mutant were increased
by the NAC treatment (Fig. 3). Plant growth and flowering
are influenced by environmental conditions such as nutrient
availability, temperature and light intensity (Bernier et al.
1993). In addition, our results suggest that the light-har-
vesting complexes in PSII might modulate GSH-regulated
plant growth and development. In this context, this study
showed that a lack of LHCII controlled GSH content as
well as Chl content and Chl fluorescence in leaves of ch1-1
plants (Fig. 1). Chlorophyll is the green pigment common
to all photosynthetic cells that absorbs light to be used in
the phosphorylation process. Therefore, the electrons from
PSII replace the excited electron into the PSI (Purves et al.
1997). During the photosynthesis process, light energy is
converted to chemical energy using Chl in chloroplast and
storing energy in the bonds of sugar (Barber 2006). In this
study, we showed that Fo and Fm values were up to
threefold lower in ch1-1 mutant than wild types, implying
that a lack of LHCII might cause a lower efficiency in
energy transfer from PSII to PSI (Fig. 5) and might control
leaf growth and flowering time (Fig. 2). Previously, it was
stated that flowering (as production of rosette leaves) was
associated with the rate of GSH biosynthesis or the c-
glutamylcysteine synthetase reaction of GSH synthesis in
Arabidopsis (Ogawa et al. 2001, 2004). But in this study,
we additionally found that LHCII might also affect GSH
content which might regulate the flowering time in ch1-1
mutants.
The dark and light treatments controlled GSH content
(Fig. 1c) and stomatal aperture (Fig. 4a) in guard cells.
Jiang et al. (2010) revealed that light signalling might
modulate various aspects of Arabidopsis development by
affecting glutathione pools via a coordinated regulation
with phyA and phytohormones. This indicates that light
treatment might affect GSH content in plants. Guard cells
respond to a multitude of signals including temperature,
partial CO2 pressure, light, humidity and hormonal stim-
uli. In light condition, the phototropins PHOT1 and
PHOT2 which are receptors for the blue light regulates
stomatal opening in guard cells of Arabidopsis (Kinoshita
et al. 2001). In addition, Shimazaki et al. (2007) stated
that the blue light-induced stomatal opening in Arabi-
dospsis which is related by the accumulated starch in the
guard cell chloroplasts (Lasc‘eve et al. 1997). The GSH
content and stomatal apertures were significantly lower in
ch1-1 mutant compared to wild types (Figs. 1a, 4a)
regardless of light and dark treatments. These findings
suggest that dark and light cycle have no effect on
LHCII-regulated GSH accumulation and stomatal aper-
ture. Then it is suggested that a lack of LHCII reduced
GSH content in leaves which might affect leaf develop-
ment as well as plant growth.
To date, there is no information regarding any link
between a lack of LHCII and hormonal signalling but the
functions of GSH in plants are well known. Cellular GSH
have important consequences in the cell, through modifi-
cation of the metabolic functions associated with GSH-
regulated functions (Noctor et al. 2002). Glutathione can
enzymatically and non-enzymatically react in cells (Hwang
and Lee 2006). Drought stress elicits biosynthesis of ABA
which induces stomatal closure to suppress water loss
(Schroeder et al. 2001). Deficient GSH functions on ABA
sensitivity to guard cells (Jahan et al. 2008) and allyl iso-
thiocyanates-induced stomatal closure (Khokon et al.
2011). Here, we found that a lack of LHCII reduced sto-
matal aperture in ch1-1 plants (Fig. 4a) and increased
sensitivity of ABA to guard cells (Fig. 4b). Therefore, the
effect of a lack of LHCII on GSH modulation in plants and
hormonal sensitivity might control water movement in
plants. Previously, different scientists revealed that the
hormone ABA is produced when plants suffer from water
stress, and ABA triggers the closure of stomata to reduce
the water loss under water stress conditions. We stated here
that a lack of LHCII increased ABA sensitivity to stomatal
closure (Fig. 4b) through reducing GSH content in guard
Chl and GSH
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Fig. 5 Schematic diagram showing the regulation of Chl content and
GSH biosynthesis in ch1-1 mutant plants by a lack of LHCII. Thin
and broken arrows indicate metabolic flows and light reaction in the
ch1-1 mutation. Thick arrow and reverse T-bar indicates increment
and suppressive pathways, respectively. Due to a lack of LHCII, Chl
content and GSH synthesis were reduced to affect leaf parameter,
plant growth and enhance ABA sensitivity to stomatal closure which
reduces water loss and controls drought condition
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cells (Fig. 1c) as well as to reduce water loss through
stomatal opening (Fig. 4d). Therefore, there may be a
positive effect that a lack of LHCII helps plants to sustain
water stress conditions. Our results, therefore, suggest that
the LHCII might regulate Chl content- and GSH-induced
plant growth and development and control water loss
through increasing ABA signalling to the guard cells to
control water stress conditions (Fig. 5).
In conclusion, this study recommends that a lack of
LHCII might regulate plant growth and development and
water loss in ch1-1 Arabidopsis thaliana mutant through
the functional activity of some enzymes in plants which is
to be elucidated in future research.
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